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Abstract 
 The purpose of the present study is to develop the model predicting CO2 hydrate film thickness for CCS. First, we measured 
variation of CO2 hydrate area at the interface between water and liquid CO2 interface when hydrate generation along the interface. 
Consequence CO2 hydrate cover the interface completely, CO2 hydrate film thickness was measured by interferometry method 
under various temperature condition. Second, the model which predicts CO2 hydrate film thickness based on mass transfer 
phenomena was developed, and compared calculated film thickness to measured film thickness. Finally, using is model to predict 
hydrate film thickness and storage term under actual sea condition (e.g. temperature, pressure, ambient flow velocity), and 
amount of CO2 from 1 GW class thermal power plant. 
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1. Introduce 
In recent years, CCS for mitigation of global warming has been expected. Especially, CO2 stored as lake under 
seabed and using CO2 hydrate cover these CO2 is thought can store huge amount of CO2 and store long term. 
However the mechanism of CO2 hydrate has not been clearly, present method did not to be turned into actual 
utilization.  
The purpose of the present study is to predict the CO2 hydrate film thickness on time series. In the previous study, 
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Hirai et al. [1] measured CO2 hydrate film thickness used MRI method. As the result, CO2 hydrate film thickness 
indicates more thick with time. And the author’s previous study [2] measured CO2 hydrate film thickness fringe-
method supposed by Ohmura et al. [3]. It indicates same result of Hirai’s qualitatively. 
After CO2 hydrate generated at the interface between water and liquid CO2, prediction model of CO2 hydrate is 
developed. Sugaya et al. [4] suggested the model H2O pass through CO2 hydrate film. And the model indicates 
compliance with their experiment. Therefore we developed H2O transmission model.  
In this papers, we comparison experimental result and calculated CO2 hydrate film thickness, and discuss about 
the adequateness of the prediction model.  
2. Experimental section 
2.1. Experimental apparatus 
Figure 1(a) shows a schematic diagram of experimental apparatus and it is double cylindrical tube. Observation 
windows are installed at the test section to record CO2 hydrate at various experiments. Inside tube is filled the 
distilled water, and outside tube is filled antifreeze liquid to cool the apparatus and/or maintain the experimental 
temperature. Experimental temperature was adjusted via antifreeze cooler attached close to the apparatus. 
Figure 1(b) shows the schematic inside test section. The experimental conditions have set, liquid CO2 were 
pressed into test section. In the test section, CO2 hydrate film generated between the interface of water and liquid 
CO2 in bottomless beaker which diameter is 36 mm. The pressure capacity of the apparatus is 10 MPa.  
 
 
(a) High-pressure unit (b) Schematic of test section 
Fig. 1. Experimental apparatus (a) High-pressure unit; (b) Schematic of test section. 
2.2. Experimental procedure 
First, distillated water was supplied to inside of the test section from the water tank via pump and the compressor. 
Then, the test section was pressurized by water and setting the experimental pressure. And a temperature of the test 
section was set by controlling a temperature of antifreeze through the outside. After pressure and temperature 
reaches the prescribed value, liquid CO2 is pushed into outside of the test section through the other pump and filled 
up in the beaker. Finally, CO2 hydrate film formed at the interface between water and liquid CO2. Then, CCD 
camera was used to photograph the phenomena that CO2 hydrate generated at the interface and propagate along the 
surface. After CO2 hydrate completely covered the surface, CO2 hydrate film thickness was measured by 
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interferometry method [3]. The method use laser and convergent light to form interference fringe correspond to the 
object film thickness. This method uses the relation of distance and the number of interference fringes. Interference 
fringes were formed by the optical path difference that laser beam reflected on the surface of membrane and after 
inflected laser beam in membrane. Laser beam was focused via lends as shown in Figure 2. 
 
 
Fig. 2. Optical apparatus to shoot CO2 hydrate propagation and interference fringes of hydrate. 
3. Experimental results and discussions 
3.1. Experimental results 
Figure 3(a) shows the CO2 generation phenomena shoot by CCD camera from the observation window installed 
at diagonal bottom of test section. By these snapshots, it can be observed that CO2 hydrate formed at interface 
between water and liquid CO2. And CO2 hydrate propagated the interface with time. Note; CO2 hydrate area is 
painted white. 
 
 
(a) propagation of CO2 hydrate under 7.0 Υ, 6.0 MPa, 0.0 mm/s condition (b) experimental result of CO2 hydrate area with time 
Fig. 3. (a) propagation of CO2 hydrate under T = 7.0 Υ, P = 6.0 MPa, u = 0.0 mm/s.; (b) experimental result of CO2 hydrate area with time. 
In this experiment, temperature conditions were 7.0 Υ and 5.8 Υ. The relationship of CO2 hydrate area and 
propagation time is draw at Figure 3(b). As a results, it can be found that differential of propagation velocity exist in 
both experimental temperature. Under 7.0 Υ, CO2 hydrate need about 10 seconds to cover the interface. On the 
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other hand, CO2 hydrate need about 8 seconds to cover the interface completely under the 5.8 Υ condition. And 
more, both experiments can be observed that CO2 hydrate generated on the surface as nucleation. In addition CO2 
hydrate film need few seconds order to cover the surface without temperature condition.  
After CO2 hydrate cover the interface, CO2 hydrate film thickness was measured. These results draw at Figure 4. 
The time of plots are actual measured CO2 hydrate film generation time start from CO2 hydrate generated at one 
point on the surface. And figure 5 is relationship between temperature and measured CO2 hydrate film thickness. All 
experimental film thicknesses were measured within 30 minutes since CO2 hydrate covered the interface. This result 
indicate same tendency with Hirai et al. [1], Kobayashi et al. [4] and Taylor et al. [5]. It was found from the result 
that CO2 hydrate film thickness decrease with temperature increase. 
 
 
Fig. 4. Experimental result of the relationship between hydrate film thickness and measured time. 
 
Fig. 5. Experimental result of the relationship between hydrate film thickness and experimental temperature. 
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3.2. CO2 hydrate film generation model 
Since the result of measuring CO2 hydrate propagation velocity, the velocity is the order of second in present 
study. In case of a CCS using CO2 hydrate, it can be thought that CO2 storage term is the order of a few years or a 
few decades. Whereby, the generation time truly exists but we assume this phenomenon occurred instantaneously 
enough. Next, we developed the model to predict CO2 hydrate film thickness. In the previous study, Aya et al [6]. 
reported the solubility drop of CO2 in water with CO2 hydrate generation. It means that CO2 concentration before 
hydrate generation is exceeded the concentration after CO2 hydrate generation. As the report, the model assumed the 
difference of CO2 concentration changes to CO2 hydrate. Here, CO2 concentration distribution is derived by Surface-
Renewal model [7] which small and/or large eddy promotes the diffusion. CO2 concentration calculated by this 
model is good agreement with measurement concentration; we determine to use this equation. CO2 hydrate film 
thickness is predicted by below equation 
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where, G is a hydrate film thickness, CbeforeCO2 is CO2 saturated concentration at the water-liquid CO2 interface 
before hydrate generation, CafterCO2 is CO2 saturated concentration at the water-liquid CO2 interface after 
hydrate generation, UhydrateCO2 is a density of CO2 in CO2 hydrate, DCO2 is a diffusion coefficient of CO2 in 
water near the water-liquid CO2 interface, KCO2 is a mass transfer coefficient of CO2 in water and Gb is a 
boundary layer of CO2 concentration based on mass transfer. Calculated hydrate film thickness by Equation 1 is 
shown in Figure 6. As the comparison result between calculated hydrate film thickness and measured thickness, 
calculated thickness indicates good agreement with measured.  
 
 
Fig. 6. Comparison calculated hydrate film thickness and measured hydrate film thickness. 
3.3. CO2 hydrate film growth model 
In order to develop the CO2 growth model, we referred the concept of Sugaya et al. [8]. They observed the 
interface between HFC-134a hydrate and water, and between HFC-134a hydrate and HFC-134a. As a result of 
experiment, they supposed that water molecule pass through hydrate. We know some models as CO2 molecule pass 
hydrate and the model as some small hales exist in hydrate by Mori et al. [9]. In present study, we thought the model  
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Fig. 7. Comparison of calculated hydrate film thickness and measured film thickness on time. 
such water molecule pass hydrate is true tentatively. In this model, three mass transfers have to be considered as 
below.  
 
[1] Mass transfer of water at water-hydrate interface 
[2] Diffusion of water in CO2 hydrate  
[3] Mass transfer of water at hydrate- CO2 interface 
 
Section [1] and [3] is mass transfer phenomenon between different substances. Therefore mass flux of water can be 
described by mass transfer coefficient KH2O. On the other hand section [2] is a diffusion phenomenon; mass flux can 
be described by diffusivity of water in hydrate DhydrateH2O. Total water flux across hydrate from water side to CO2 
side can show as below, 
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where, DH2O is a total penetration coefficient of H2O molecule across hydate film from water side to CO2 side, 
CwaterH2O is H2O saturating concentration at the water side, CCO2H2O is H2O saturating concentration at the CO2 
side, Kwater sideH2O and KCO2 sideH2O are a mass transfer coefficient of H2O in water and CO2 respectively. Here, it 
can be though CO2 molecule rich condision at CO2 side. When the water molecule reached CO2 side, water 
moelcules instantly change to hydrate at the interface between CO2 and hydrate. Then formation velocity Vf can be 
shown below as equation (3). 
OH
hydrate
COf JV 22   U    (3) 
On the other hand, the phenomenon CO2 hydrate dissolve to water has to consider too. As well as the procedure 
to develop the formation velocity, CO2 hydrate diffusion velocity Vd can be describe as below, 
22 CO
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where JCO2 flux of CO2 form CO2 hydrate to bulk water, KCO2 is mass transfer coefficient of CO2 in water and 
CbulkCO2 is CO2 coefficient in bulk water(=0) respectively. Now, Vf and Vd are obtained. In the present study, CO2 
hydrate film thickness defined by balance of these velocities. The variation of hydrate film thickness is shown as 
Fquation (5) 
df VVdt
d  G ,         dtVV df  0GG .   (5) 
Using this equation, CO2 hydrate film thickness was calculated and shown in Figure 7. As a result of comparison, 
calculated film thickness indicates good agreement with experimental film thickness at measured time. Then, the 
value G0) was assigned to Equation (1). 
3.4. Evaluation the time for hydration 
Toward to the practical realization, we calculated hydrate film thickness under actual ocean condition and amount 
of CO2. In this time, we consider 1GW class thermal power continues to discharge 1 year. It is predicted the amount 
reached 2,500,000 ton. Storage area set depth 5,000 m and the area is cuboid type. Table 1 shows some conditions 
for calculation. Then in the Equation (2), diffusivity of water in CO2 hydrate is not exactly. Therefore, we treat 
diffusivity as variable number and calculate film thickness respectively. As a result, all CO2 changed to CO2 hydrate 
about after a hundred thousand year of beginning storage CO2. 
 
     Table 1. Calculation condition of ocean and storage area 
Storage amount of CO2 [ton] 2,500,000    
Diffusivity of H2O in CO2 hydrate [m2/s] 510-12~10-11    
Sea condition 
Depth [m] 5,000   
Temperature [Υ] 4.0 
Pressure [MPa] 50.1 
Ocean flow [mm/s] 0.0 
Cuboid size 
Height [m] 205.0 
Width [m] 18.0 
Depth [m] 18.0 
 
 
Fig. 8. Prediction of CO2 hydrate film thickness suppose actual condition. 
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4. Conclusions 
[1] The relationship between hydrate areas on time was measured. As a result in the present experiment system, 
propagation velocity increase with temperature decreases and CO2 hydrate needs some seconds order to 
cover the interface without temperature conditions.  
 
[2] The model to predict CO2 hydrate film thickness was developed based on mass transfer. As a result of 
comparing measured film thickness with calculated, calculated film thickness indicates good agreement 
with measured. Thus it indicates the capability that the boundary layer used in the prediction model and 
Surface Renewal-model is suitability to predict CO2 hydrate. 
 
[3] The model to predict CO2 hydrate film thickness on time was developed. As a result to predict CO2 hydrate 
film thicknesses considering the propagation time, calculated film thicknesses indicate good agreement 
with measured film thickness. 
 
[4] CO2 hydrate film thickness was calculated supposed actual amount of CO2 from 1 GW class thermal power 
station for long term. In consequence of calculation till 120 years, CO2 hydrate film thickness of all 
conditions over 150 mm. 
 
[5] As a result of calculation hydrate film thickness for long term, there are variation in hydrate film thickness 
with water diffusivity in CO2 hydrate the order of 10-12 m2/s. Thus, it can be though diffusivity is the rate 
controlling factor and it is important to estimate the value exactly for CCS. 
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